p-Nitrophenyl2-O-a-D-galactopyranosyl-a-D-mannopyranoside and pnitrophenyl2-Oa-D-glucopyranosyl-a-D-mannopyranoside
were synthesized and the interactions of these disaccharides with concanavalin A (con A) were characterized. The kinetics of binding of the galactopyranosyl-containing disaccharide to con A were found to be similar to those observed with monosaccharides in that monophasic time dependencies for binding were observed.
The glucopyranosyl-containing disaccharide, however, exhibited biphasic time dependencies which were similar to those previously observed for the binding of p nitrophenyl2-O-a-D-mannopyranosyl-a-D-mannopyranoside to con A. These results support a model wherein the a-(l-2)-linked disaccharides which exhibit biphasic binding kinetics must be able to bind to con A in two different and mutually exclusive orientations. The ability to bind to con A in two orientations is shared by a-(l-+2)-linked disaccharides in which both glycosyl residues can interact separately with the primary glycosyl binding site of con A. According to the model, the initial fast phase of the biphasic reaction reflects binding of the ligand in two orientations so that two complexes are formed in amounts determined by the relative values of the rate constants for formation of each complex.
The subsequent slow phase is proposed to reflect a slow equilibration of the less stable complex to the thermodynamically more stable one. In the more stable complex, the glycosyl residue at the reducing end of the disaccharide occupies the primary glycosyl binding site. The added stability of this complex is attributed to extended interactions between con A and groups on the second glycosyl residue. An axial orientation of OH-2 of the second glycopyranosyl residue appears to be the most important determinant for the extended interaction.
It has recently been reported (1,Z) that concanavalin A (con A) binds the pnitrophenyl and the I-methylumbelliferyl glycosides of 2-O-cr-D-mannopyranosyl-cu-Dmannopyranoside via a biphasic time-dependent process. This contrasts sharply with the monophasic process observed for the binding of monosaccharides to con A.
The simplest scheme that can account for the biphasic association reaction is one in which the cu-(l-+2)-linked disaccharides are proposed (1) The greater stability of one binding mode over the other is proposed to arise from the ability of con A to interact simultaneously with groups on both glycosidic residues of the disaccharide (1).
Biphasic, time-dependent interactions resulting in complex formation between protein and ligand are generally ascribed to the reaction scheme of Eq. [2] rather than that of Eq. [l] P+L e PL 2 PL*.
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The two reaction schemes are conceptually different in that the slow phase of reaction [2] is attributed to some type of change in the conformation of the protein-ligand complex, whereas the slow phase of reaction [l] is attributed to equilibration of the two binding modes via a pathway which involves dissociation of the bound ligand. For this con A system, Eqs.
[l] and [2] are mathematically indistinguishable and it is not possible to select either reaction schemes of Eqs. [l] or [2] solely on the basis of the time-dependent changes in the spectral properties which accompany ligand binding. In this work, studies are reported of the interaction of con (Fig. 4) . This result is consistent with our hypothesis for the interaction of disaccharides with con A as put forth in Figs. 1A and B and in Eq. [l]. Galactopyranosyl residues do not interact with the primary carbohydrate binding site of con A (11). Therefore, the pathway depicted in Eq. unusual spectral properties for PL and PL* (1). According to the pathway of Eq.
[2] (but not that of Eq.
[l]), PL and PL* would have identically shaped spectra and identical wavelengths of maximal absorbance, but PL and PL* would have molar absorptivities which differ by the same constant factor at each wavelength. Such a difference in the spectral properties of the chromogenic reporter group is not characteristic of a simple change in environment of the chromogenic group. Changes in environment of the chromogenic group usually result in spectral shifts in position of maximal absorbance, or in changes in the spectral bandwidth which result in changes in the shape of the spectrum of the chromogenic group.
Thus, we have chosen to analyze our kinetic data in terms of the pathway depicted in Eq. [l], which provides the simplest explanation of our observations. Values for rate and equilibrium constants obtained by analyzing the time dependence of absorbance according to the reaction scheme in Eq.
[l] are listed in Table  I (Fig. 1A) and an aqueouslike environment in PL* (Fig. 1B) . The orientations of the nitrophenyl group in PL and PL* as depicted in Figs. 1A and B, respectively, indicate that the polarity in the environment of the nitrophenyl reporter group of a bound glycoside is a function of its disposition relative to can interact with the primary binding site of con A (Fig. 6 ).4 Thus, the nitrophenyl reporter group in this disaccharide cannot occupy the same site that accepts the nitrophenyl group in PL and in con A complexes of nitrophenyl glycosides of monosaccharides.
As shown in Fig. 7 , no difference spectrum is generated upon mixing con A with mu-D-Glcp- (Fig. 7) indicates that the disaccharide does indeed bind to con A as expected. Interestingly, the nitrophenyl group in bound cr-D-G~c~-(~+~)-cY-D-G~c~-(~~O)-PNP appears to be situated entirely in an aqueous- tion about the specificity of interactions between con A and complex carbohydrates with more than one glycosyl residue. The affinity of con A for p-nitrophenyl 2-Omethyl-a-D-mannopyranoside, the reference monosaccharide listed in Table I , is essentially the same as that for pnitrophenyl a-D-mannopyranoside, which is unsubstituted at O-2 (1). Introduction of an cY-D-galactopyranosyl residue at the O-2 position of the mannopyranosyl results in a 2.2-fold increase in the affinity of the ligand for con A. With a glucopyranosyl residue at the same O-2 position, the equilibrium constant for formation of PL is 3.4-fold larger than for formation of a complex with the 2-O-methyl mannopyranosyl derivative. Substitution of a mannopyranosyl group at O-2, however, leads to an l&fold increase in the equilibrium constant for formation of PL. These results indicate that at least one hydroxyl group on the nonreducing end of the disaccharides can interact with the protein in the extended site, and that an axial orientation of the hydroxyl group at C-2 of the nonreducing glycopyranosyl group is probably the most important determinant for enhancing binding to con A. The two binding modes PL and PL* depicted in Figs. 1A and B indicate that in the PL* complex the glycosyl residue at the nonreducing terminus of the disaccharide occupies the main glycosyl binding site on con A, whereas in the PL complex, the glycosyl residue at the reducing end of the disaccharide occupies the principal glycosyl binding site. The lowered equilibrium constant for formation of the PL* complex with a-D-Manp(l-2)-cu-D-Manp (l-O)-PNP in comparison to that for formation of the PL complex is consistent with the view that in the PL* complex, extended interactions are much less important with this disaccharide.
Recent work (14) has attributed the increased affinity of certain cr-(l-+2)-linked disaccharides toward con A to a purely statistical enhancement of binding rather than being due to contributions from simultaneous interactions with groups on both glycosyl moieties. This view fails to account for our observations. If the enhanced affinity of con A for certain disaccharides were only statistical in nature, one would expect a-D-Manp(l-2)-a-DManp(l+O)-PNP with two mannopyranosy1 residues to bind to con A at twice the rate and with twice the affinity as the monosaccharide pnitrophenyl2-O-methylcu-D-mannopyranoside.
Instead, the disaccharide forms the PL complex at half the rate and with 18 times the affinity of the monosaccharide.
Another indication that the statistical argument is incorrect and that con A is capable of interactions with groups in both glycosyl residues of certain disaccharides is indicated by the different activation enthalpies listed in Table II for the formation and dissociation of complexes of con A and disaccharides. If the differences in the way disaccharides bind to con A were due entirely to statistical effects, differences in the activation parameters for the binding of a-D-&Ian-
should be confined to the entropies of activation since these disaccharides differ only in the number of glycosyl residues capable of interacting with the primary glycosyl binding site of con A. Instead, substantial differences in both enthalpies and entropies of activation which cannot be attributed to statistical effects are observed for formation and dissociation of complexes between con A and these disaccharides.
It should be noted that the observations presented here indicating the existence of extended interactions between con A and oligosaccharides don't require the presence of individual subsites for each glycosyl residue as exist in wheat germ agglutinin (16) . Our results do indicate, however, that con A can interact simultaneously with groups on both glycosyl residues of certain disaccharides. The structural determinants for the specific interactions between con A and a glycosyl residue bound to the primary glycosyl binding site have been established by previous studies4 Results presented in this work indicate the existence of at least one extended interaction between con A and an axial hydroxyl group at C-2 of the nonreducing glycosyl group of certain disaccharides. This interaction accounts for the 5-to l&fold greater affinity of con A for cu-D-Manp( l-2) -cy -D-Manp(l-0)-PNP over the monosaccharide and disaccharides listed in Table I , which are not capable of the extended interaction.
In a study similar to our study (1) only observed a 3.3-fold greater affinity of con A for the methylumbelliferyl disaccharide relative to the monosaccharide. Furthermore, it was observed that con A bound the methylumbelliferyl trisaccharide less tightly than the disaccharide, and only 1.9 times more tightly than the monosaccharide. Van Landschoot et al. also observed that the environment of the fluorescent methylumbelliferyl reporter group in each of the two binding modes for the con A-bound disaccharide was different than the environment of the methylumbelliferyl group in the con A-bound monosaccharide.
These conclusions which are based on the different spectral properties determined for the bound reporter group suggest that in both binding modes observed for a-D-Manp(l-2)-ar-D-Man$+ (l-0)-MeUmb, the interactions between con A and this disaccharide may be substantially different than those observed for cY-D-Manp(l+O)-MeUmb.
Since it appears that these mono-and disaccharides may well bind to con A in different orientations, it is difficult to reach any conclusions regarding the existence or nonexistence of extended interactions from a single comparison of the affinity of con A for the mono-and disaccharide.
It should be noted, however, that although con A only shows a modest 3.3-fold increase in its affinity for the methylumbelliferyl-labeled disaccharide over the monosaccharide, essentially none of this modest increase in affinity can be ascribed to a statistical effect arising from the presence of two mannopyranosyl units and two binding modes for the disaccharide. The maximum statistical enhancement of 2 for the binding of the disaccharide relative to the monosaccharide would be achieved only if both binding modes were equally stable. However, one binding mode was observed to be favored by 68-fold over
